The nuclear transport receptor family is therefore cencules and mechanisms of nucleocytoplasmic transport. tral to much of the traffic through the NPC. There are, In this review, we attempt to bring together the large however, some proteins that are imported into the nubody of information in a manner accessible to the gencleus apparently without the aid of a soluble receptor eral reader interested in basic cell function. We cover family member (Tables 1-3) . Furthermore, there are two cargos, transporters, route, direction, fuel and transloclasses of RNA cargo, mRNA and ribosomal subunits, cation mechanisms, and regulation, emphasizing genwhose export to the cytoplasm might not be mediated eral principles along the way.
Stoffler et al., 1999). The membrane-spanning portion There are many signals and many receptors, and the of the NPC is symmetrical, but the extremities of the actual numbers depend on the organism. The genome structure that extend into the cytoplasm and nucleoof S. cerevisiae encodes 14 receptors, which can be plasm are quite different in form and protein composition recognized by sequence homology, and one importin ␣ (Figure 2 ). The longitudinal center of the NPC is perforaadaptor (Corbett and Silver, 1997; Pemberton et al.,
ted by an aqueous, possibly gated, channel through 1998; Wozniak et al., 1998). Nine of these are import which translocation occurs. The diameter of the channel receptors, four are export receptors, and one is uncharappears to be flexible, and can expand from ‫01ف‬ nm to acterized. Only four of the yeast receptors are essential ‫52ف‬ nm to translocate large cargos (Dworetzky et al., proteins, but several of those that are not essential do 1988). The characterization of both yeast and higher nevertheless transport essential cargos. The explanaeukaryotic Nups allows some general features to be tion for this apparent contradiction is that each cargo ascribed to this family of proteins (Stoffler et al., 1999). is not necessarily dedicated to one receptor, and each They are often large proteins with generic proteinreceptor is not necessarily dedicated to one type of protein interaction domains of the coiled-coiled and leucargo. Not surprisingly, multicellular eukaryotes are cine zipper type. Significantly, about half of the Nups equipped with more receptors and adaptors than S.
described so far contain multiply repeated (at least 6) cerevisiae. Nuclear transport receptor genes identified phenylalanine-glycine (FG) motifs. The FG repeats might in higher organisms are currently similar in number to S. not be diagnostic for Nups, because not all proteins cerevisiae, but this situation is likely to change. However containing FG repeats are localized to the NPC. Howmany more receptor genes there are in higher eukaryever, as the other proteins identified so far as having otes compared to yeast, it is likely that yet further recepthis motif also have features suggestive of roles in tor complexity is generated by the presence of variants nucleocytoplasmic trafficking, the FG motif could be with peptide inserts, which could transport different carpredictive of a role in transport. The overall number of signals appears to be approximately similar to the number of receptors (Tables 1-3) . Direction The bidirectional class of signal is intriguing. Whether
The Ran GTPase cycle is key to promoting the directionby coincidence or reflecting a biological significance, ality of transport. Ran is localized predominantly inside virtually all bidirectional signals, i.e., those whose NLS the nucleus at steady state, and, like all small GTPases, and NES activities cannot be separated, are found in it has very low nucleotide hydrolysis and exchange acmRNA-binding proteins, and no export receptor has tivities on its own (Melchior and Gerace, 1998; Moore, been identified for this type of signal. 1998). These are strongly stimulated by a GTPase-activating protein (RanGAP) and by a guanine nucleotide exchange factor (RanGEF). Central to the issue of direcRoute tionality, these Ran regulators have restricted subcelluMacromolecules cross the nuclear membrane through lar localizations: RanGAP and its coactivator, Ran-bindaqueous channels formed by nuclear pore complexes ing protein 1 (RanBP1), are largely cytoplasmic, and are (NPCs) (Figure 2 ). The conclusion that the transport machinery has the capacity et al., 1999). However, a role for the NPC in directionality is questioned by a report that inverting the RanGTP to move protein cargos through the NPC without energy input in the form of NTP hydrolysis should perhaps be gradient across the nuclear membrane in vitro allows the direction of traffic to be reversed (Nachury and Weis, greeted not with surprise, but as a reflection of our general ignorance of translocation mechanisms across 1999). cellular membranes through aqueous channels. The energy needed in vivo to effect cargo concentration in Fueling and Mechanics The fueling of nuclear translocation is a controversial either the nucleus or cytoplasm is provided in the form of GTP hydrolysis by Ran in the cytoplasm, which is issue that has been a recent focus of experimental scrutiny. In the following consideration of translocation eneressential for the release of exported cargo and Ran from export receptors, and for release of Ran from import getics, we distinguish between events in the cytoplasm/ nucleus and events within the body of the NPC.
receptors, that are exported as RanGTP-receptor complexes. Thus, GTP hydrolysis outside the NPC provides Early studies of nuclear import established that cargo binds to the cytoplasmic face of the NPC in a temperathe energy for cargo accumulation against a concentration gradient, but there is no evidence that it, or any ture-independent manner, but accumulation of cargo in each NPC is endowed with an internal communication system such that it knows to accept transport complexes at one entrance only. We favor a mechanism other NTP hydrolysis, is needed to propel transport complexes through the channel of the NPC. in which there is no one-way system within the pore (Feldherr and Akin, 1994). Rather, the NPC can accomWe are left with temperature dependence as the single undisputed property relating to the energetics of movemodate cargos moving in both directions at the same time, so that they can pass each other en route. (Ohno et al., 1998) . Although hydrophobic, at least some Nup FG domains are exposed in the It is possible that the simple effect of cargos coming in behind them and thus covering the FG surface, giving NPC. It is possible that temperature-sensitive receptor interactions with these FG domains, and temperaturethe leading cargo no option but to move forward, is sufficient to prevent random movement within the pore. sensitive conformational changes of the NPC, together facilitate movement through the NPC. This translocation Ran-mediated termination mechanisms at the nuclear and cytoplasmic faces of the NPC would expose FG mechanism assumes mobile receptor-cargo complexes and stationary Nups. However, since some Nups are surfaces, providing the opportunity for forward movement onto the free surface. This mechanism assumes mobile within the body of the NPC, it is possible that Although this vision of the mechanics, fueling, and directionality of translocation through the NPC does not involve NTP hydrolysis, it should be emphasized that it is largely based on studies of simple protein cargoreceptor complexes. As we move on to describe the transport of RNPs, it will become evident that the mechanism of their movement is even less clear than that of protein cargos, and could have different energy requirements.
Export of RNPs
The vast majority of cellular RNA molecules are synthesized in the nucleus, and most of these need to move into the cytoplasm in order to perform their functions. These exported RNAs can be grouped into four major classes: mRNA, rRNA (in the form of ribosomal subunits and 5S rRNA), U snRNA, and tRNA. All classes of RNA exist as, and are exported as RNPs, and these can be many-fold the mass of simple protein cargos (Nakielny In higher eukaryotes, the hnRNP protein family was the first group of proteins to be implicated in mRNA structure also undergoes large structural changes, including a widening of the distal ring aperture, similar to export, and this suggested the concept that RNA-binding proteins hold the key to mRNA export. chondrial membranes, during which protein cargos TAP originally came to light as a candidate mRNA must be unfolded to fit through the translocation chanexport factor in S. cerevisiae. Temperature-sensitive nels of these membranes. Second, Dbp5p might termimutations in the essential MEX67 gene cause a rapid nate mRNP transport, by facilitating release of mRNPs and specific mRNA export defect at the restrictive temfrom the cytoplasmic side of the NPC. In this model, the perature (Segref et al., 1997) . Mex67p is the yeast homohelicase would play a role similar to that of RanGTP log of TAP, the higher eukaryotic protein that mediates export of CTE-containing viral RNPs (above). TAP also hydrolysis that triggers release of simpler export cargo outcome of these changes in phosphorylation is altered seem difficult to reconcile with a mechanism of transport cargo-receptor affinity. This can be a direct effect, for that does not directly involve NTP hydrolysis. NTP hyexample, the yeast transcription factor Pho4p must be drolysis could well be necessary to effect their reorganiphosphorylated to be recognized by its export receptor zation in the nucleoplasm prior to translocation, and for and dephosphorylated to bind its import receptor, or restructuring them into a functional form in the cytoindirect, as when phosphorylation of the cytoplasmic plasm. It also remains possible that mRNP translocation retention factor IB disrupts its interaction with the tranis different from simple protein translocation, and uses scription factor NFB, allowing the NLS of NFB to be NTP hydrolysis to bring about NPC deformations and recognized by import receptors (Mattaj and Englmeier, movement within the body of the NPC. That is, the trans-1998). Although phosphorylation is predominant, it port machinery might be able to vary its energy conmight not be the only posttranslational modification involved in traffic control. Methylation of arginine residues sumption according to cargo load. 
